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I. Introduction
In a previous study [1] on a concentrated aqueous Ce(N03)3 solution the existence of complex-formation between cation and anion was proven and the inner sphere water coordination number was deter mined. Two alternative models were tested and the coordination number of Ce(III) resulted between 7.5-8. 5 . Recently Habenschuss and Spedding [2] [3] [4] presented results of an extensive X-ray study for ten rare earth (except the Ce3+ ion) chloride solutions, indicating that the inner sphere water coordination of the rare earth ions in aqueous solutions decreases from nine to eight, due to the decreasing rare earth ionic radii. Information on the hydration of the Nd3 + ion has been obtained directly and unambiguously by neutron diffraction [5] , A well-defined hydration sphere of 8.5 ± 0.2 water molecules has been esti mated.
In Perchlorate solutions of Ce(III), Fratiello et al. [6] declare that "the spectral evidence for inner-shell com plex formation leads to the possibility of a greater maximum hydration number than 6 for this species".
As regards complex-formation, a survey of the liter ature [7] on the behaviour of Ce(III) in Perchlorate solutions points to Ce -0C 103 contacts. This phe nomenon has been studied in sulphate, phosphate and Reprint requests to Prof. R. Caminiti, Istituto di Chimica Generale, Inorganica e Analitica, Via Ospedale 72, 1-09100 Cagliari/Italien. nitrate solutions of divalent and trivalent cations [8] [9] [10] [11] ; in these, the presence of a peak in the correla tion function G (r), attributable to the cation-X (with X = S, P, N from sulphate, phosphate and nitrate, respectively) interaction (in the range 3.1-3.6 Ä), has been crucial to show the inner-complex formation. In the range 3.5-3.9 Ä can also fall the contributions due to the C104 -H20 interactions (distances between chloride atom and H20 molecules). To determine the behaviour of the Perchlorate ion in different condi tions we analyzed also a solution of Mg(C104)2 in which the concentration of the C104 anion is similar to that of the Ce(C104)3 solution. In case of Mg(C104)2 no contacts between cation and anion were expected in aqueous solutions [12] . In water the Perchlorate ion is weakly solvated compared with magnesium. For contact ion association, a solvent molecule must be removed from the cation and re placed by a C104 anion. Solvents with high donor numbers are difficult to replace, and therefore a high donor number inhibits ion association. As far as the anion is concerned, diffractometric studies generally lead to the conclusion that the C104 -H 20 inter actions are weak. In presence of bi-and trivalent ca tions, as in solutions of Fe(C104)3 [13] , Ni(C104)2 and Co(C104)2 [14] they can be masked by the strong cationic contributions. Magnesium solutions were in vestigated since, due to the low weight of this ion (10 electrons in the atom in comparison to the 17 of chloride), a decrease of the Mg(H20)" peak is ex pected and therefore a better definition of the 0932-0784 / 88 / 0400-329 $ 01.30/0. -Please order a reprint rather than making your own copy.
CI -H20 one. The choice of magnesium was made also because, from previous studies carried out on this ion, well defined first and second coordination shells were obtained [15, 16] . Nuclear magnetic resonance spectroscopic studies also can provide significant structural information on aqueous electrolyte solutions; in particular, the relaxation time of the 35C1 nucleus in the Perchlorate ion reveals the presence of contact ion pairs, while it is insensitive to solventseparated ion aggregation [12] . This technique has been used for studying Perchlorate complexes with transition metal ions in aqueous solution [17] and gave evidence of the existance of a weak inner-sphere complex of Mn(II) ion in Perchlorate acid solution. Cation and anion contents were determined by stan dard methods [18, 19] . The composition of the solu tions investigated is given in Table 1 . X-ray scattering data were obtained at 20 +1 cC on a 0 -0 diffractometer equipped with a Mo X-ray tube (wavelength = 0.7107 Ä). The observed range of scattering angles (2 0) was from 3° to 120°, corresponding to the range 0.5 < s < 15.28 Ä-1, where s = (4 sin 0 is the scattering variable. The measured intensities were cor rected for background, polarization and absorption [20] , and smoothed by fourth differences [21] . The absolute scale for the intensities was established by a semiempirical method proposed by Habenschuss and Spedding [2] [3] [4] and previously used [22] , Briefly, the corrected intensities Ic(s) were fitted to 
where the second term is an empirical function that, according to Habenschuss and Spedding [2] [3] [4] ab sorbs unknown errors in the experimental data and any inadequacies in the corrections to the data. A, Bj, Cj and Dj are parameters determined by the least squares fit. The structure function i(s) was calculated at 0.05 Ä increments, r is the interatomic distance, smin and smax used are respectively 0.0 and 15.28 A~ \ q0 is the bulk number density of the stoichiometric units, and the modification functions M(s) is equal tõ m 1-2 X Xifi . Before calculating the final correlation i=i functions, the structure functions si(s) were corrected for residual systematic errors by means of a procedure described by Levy, Danford and Narten [27] . The method is based on the removal of the peaks present in G(r) at small values of r, and is more effective if a sufficiently extended range of distances can be used to this end. Therefore, in addition to unphysical ripples, the peak due to the CI -O (from C104 group) dis tance was also removed from G(r), following a proce- Table 3 . the corresponding structure functions reported in Figure 1 .
dure used elsewhere [1, 22] , since this contribution is obvious and not very important for the interpretation of the results. The Ocl -Ocl contribution, obviously, was not removed because it is not a resolved peak but its contribution is present under the peak due to Ce -O, distances. No convergence factor was used in calculating the Fourier transformation.
B) NMR Spectroscopic Measurements
35C1 has been observed on a Varian FT-80A pulse spectrometer at a nominal frequency of 7.793 MHz, using 10 mm sample tubes and a SW: 4000 Hz, an AT = 1 s, a Pw = 30 ps and a number of transients ranging from 10 to 200, depending on concentration and line width. Proton decoupler was off. The probe temperature was 30±1°C. 35C1 spectra of different solutions of Mg(C104)2, Ce(C104)3 and HC104 have been recorded. In Table 2 the concentrations of the cations and of C104 in the examined solutions are reported.
III. Analysis of the Results

A) Correlation Functions
The experimental structure functions si(s) and the resulting correlation functions G(r) are plotted in Figs. 1 and 2, respectively (points). An inspection of the G(r) functions allows the first qualitative informa tion to be obtained. In the case of the Cerium solution four well-resolved peaks can be distinguished with their maxima centered at about 2.50-2.55, 3.00, 3.65 and 4.60 Ä.
The first peak is diagnostic of the Ce3+-O, dis tances (with O, oxygen atoms deriving from water molecules or from Perchlorate anions) on the basis of the ionic radii of the species and as found in aqueous solution [1] and in the crystal structures of CeCl3(H20 ) 7 [28] . A contribution to this peak arise also from O -O interactions within the Perchlorate anion, their mean values being in the solid structure ~ 2.36 Ä.
The peak centered at about 3.00 Ä is certainly caused by nearest-neighbour interactions H20 -H20.
The attribution of the large peak at about 4.6 Ä is less direct than that of the two preceding peaks. In the C e(N 03)3 solution [1] the mean contribution to this peak resulted from the second hydration shell around the Ce(III) ion. Obviously further contributions to this peak also arise from H20 -H20 second distances 4.5-4.7 Ä).
The very significative peak present at about 3.65 Ä indicates the presence of cation-anion contact phe nomena in our solution. The origin of this peak are the Ce -CI interactions, the value of the Ce -CI distance depending on the C104 orientation.
In the Mg(C104)2 solution three peaks are present at about 2.25, 2.9 and 4.20 Ä.
The first derives from Mg -H20, interactions (con tributions at about 2.1 Ä, as found in [15] and [16] ) and O -O interactions within the Perchlorate anion (contributions at about 2.36 Ä).
The second peak is certainly caused by nearestneighbour interactions H 20 -H 20. Contributions could also come from interactions between the oxygen atoms of the Perchlorate anion and anionic hydration water molecules.
The peak at 4.20 Ä derives from Mg -H2On (HUO" = second shell molecules as found previously [15, 16] ).
A small hump at about 3.80 Ä is also present in the correlation function; it can be ascribed to the CI -H20 interactions.
Peaks from larger intermolecular distances are ab sent. As in previous investigations on concentrated solutions, the order phenomena observable in the ex perimental correlation curves concern ionic hydration exclusively. increase-of linewidth only for the solutions with con centrations greater than 8 M (Fig. 3) , and this should be ascribed to viscosity effects.
B) NMR Data
The 35C1 spectra of C104 in the studied solutions (Table 2 , Fig. 4 ) of Mg(C104)2 show no significant change of spectral parameters with respect to the solu tions of HCIO4. at the same concentrations; therefore no complex formation is remarked, in agreement with previous work [12, 29] .
Ce(III) S o lu tio n s
In the observed series, the first with increasing con centration of Ce (C104) The first point is indicative of the formation of a complex between C104 and Ce(III). The new peak is at ~ 11 Hz downfield with respect ot that of free C104 ; the two forms are in a slow exchange situation, as can be seen from the halfline width of the peak of the free form, unchanged in comparison with C104 at the same concentration in HC104 solutions.
In order to attribute this peak the spectra were analyzed in terms of Lorentzian lineshapes whose pa rameters (chemical shift, halfline width and height) were optimized by a least squares procedure: the re sultant populations of the two forms up to the col lapse of the two signals indicate a number of bound ligands for the metal atom ranging from 1 to 2; these values are affected by a large error due to the notice able superimposition of the two signals of different broadness. Nevertheless they indicate the presence of complexes of different stoichiometry, since only 1:1 and 1:2 complexes would have a constant so large that with Ce(C104)3 we would have the principal signal due to bound C104 .
Concerning the point ii), the remarkable increase of linewidth with C104 concentration can be ex plained with different concomitant causes:
1) an increase of the viscosity of medium 2) the formation of higher than 1:3 complexes, with a cooperative effect, whose linewidths are larger than those of lower stoichiometry adducts; 3) an intermediate exchange situation between C104 in the lower and higher stoichiometry adducts; a similar situation has been pointed out in an our study [30] on complexes of Al3 in which a quanti tative determination of the rate parameters was possible.
Our data do not allow the discrimination between the various effects nor furthermore a quantitative evaluation.
The formation constants cannot be reliably evalu ated for the following reasons: There is no possibility of varying the C104 concen tration freely: in fact, if one uses Ce(C104)3 the start ing CIO4 concentration is three times that of Ce(III); if a different Ce(III) salt is used we should have to consider mixed complexes because presumably any other anion should have greater complexing ability than CIO4 toward Ce(III). Consequently, the range of concentrations where n can be measured is too nar row, being limited by the stoichiometry of the used salt and by the broadening of signals, that forbids a clear distinction, respectively, for low and high con centrations. Only one signal is observable for the bound forms, which is to ascribe, as the least-squares evaluated population pointed out, to at least 1:1, 1:2 and 1:3 stoichiometry adducts, whose relative popula tion cannot be separately evaluated.
Nevertheless an important conclusion can be drawn from the spectra in which the two signals are well separated, i.e. the existence of stable adducts be tween CIO4 and Ce(III) and a mean value of bound ligands for the metal atom of about two for the X-ray studied solution.
C) Models
In order to get more detailed information than that directly deducible from the experimental correlation functions, the usual analysis based on the calculation of a model structure function, which was systemati cally refined against experimental data, has been used. This synthetic structure function was constructred ac cording to the formula proposed by Debye
where m = number of atoms in the stoichiometric unit, iij = number of atoms with discrete structure "seen" by an origin atom of /' type, r{j = mean radial distance of the 7 th atom from an origin atom of the / type, < Tij = root-mean-squares deviation for the dis tance i-jj. The least squares refinements were carried out using the 5 intervall 1.5-15.28 Ä ~ \ the function
ization method as modified by Marquardt [31] . Cerium solution.
The quantitative analysis has been made in different steps. Since the structural information about the first and second hydration shells of the Cerium(III) ion in Perchlorate solutions is poor, a first preliminary calcu lation has been carried out. In it only six independent parameters have been introduced, i.e. the first distance Ce -0 (rCe_H20i), the root-mean-squares deviation of the distance (ffce-H,o,)> the coordination number (nCe_Hi0i), the second distance Ce -0 (rCe_H20ii), the root-mean-squares deviation of the distance (ctC£_H20ii), and the coordination number (»Ce-H2o")-A number of calculations were carried out with smin and smax fixed. Only four parameters have been fitted; the nCe-H,0! and nCe-H,o" values in each calculation were fixed. The^ce -HiOi values vary from 6 to 12 with steps of 1, and the ttCe-H2o" values vary from 14 to 18 with steps 2. The function U reaches its minimum at "ce-H^o, = 10 and nCe_H,0n = 14. The U value is equal to 1.67 with these contributions. At this point, on the basis of the qualitative analysis of the G(r) and the results of the NMR data the ulterior parameters add ed in the model are the following:
a) The O -O contacts from the Perchlorate group (the distance r0ci_oCI and its root-mean-squares deviation er0ci_0ci are independent parameters). b) The Ce -OCIO3 contacts from the complex; the Ce -CI, Ce -0 2 = Ce -0 3 and C e -0 4 distances (Scheme 1) are parameters, while a root-mean-squares deviation for all three distances is introduced (°"compiex)-The average number of coordinated Per chlorate groups is also an independent parameter (zCe_ C104). As far as the Ce -O x distance we used the same value Ce -H20 ,, and the parameter nCe_Hi0i (reported in Table 3 ) indicates the total coordination number for Ce(III), i.e. the sum of H20, water mole cules around the ion and the z Perchlorate groups
being minimized by means of the LSHS program [1] : this is based on the classical Gauss-Newton linearScheme 1. Model assumed for the bonding of the Per chlorate group to the Cerium(III). The model has a mirror plane containing the cerium, the bridging oxygen O ,, the CI atom, and the 0 4 atom. 2.09 (9) bonded to Ce(III). In this model we introduced a sin gle contribution H20 -H20 defined by two parameters rH20_H20 and o-H20_H20. With this model we obtained the best structure function reported in Fig. 1 (solid line) ; the values of the parameters used to obtain this structure function are reported in Table 3 . The U function is equal to 0.11. In order to have a comparison between the cor relation functions, the theoretical si(s) was connected to the experimental data at s = 1.8 Ä "1 and then Fou rier transformed. In Fig. 2 the correlation function thus obtained (solid line) is plotted against the one from the experimental data (points).
M a g n e s iu m S o lu tio n
In this case a model has been tested in which first and second hydration shells around the magnesium were introduced in agreement with the previous re sults obtained in the case of MgCl2 [15] and Mg(N03)2 [16] solutions. Also for the Perchlorate group a hydration shell has been introduced. A de tailed description of the model used is presented in [15] and [16] , The independent parameters introduced in this model are reported in Table 3 . With the param eter values obtained in the least-squares refinements we calculated the structure function reported in Fig. 1 (solid line), and with the same procedure used for the Cerium solution we calculated the theoretical correla tion function G(r) reported in Fig. 2 (solid line) .
IV. Discussion and Conclusions
The qualitative analysis of the experimental corre lation functions has shown cerium-perchlorate con tacts and CIO4 -H20 contacts in the Mg(C104)2 solution. This is in line with literature, which points out cerium-perchlorate complex formation. The exis tence of anion-solvent interactions is also visible, but the G(r) functions are mainly characterized by metalwater and water-water interactions. The NMR mea surements supported the X-ray findings on the Cerium-C104 contacts. The values of the parameters obtained in the quantitative analysis of the si(s) func tions by the least-squares fitting with the used models suggest the same conclusions.
As concerns the parameters of the hydration shells of magnesium, they are in agreement with those pre viously obtained [15, 16] . The number of contacts CIO4 -H20 is high, indicating weak hydrogen bonds between the Perchlorate anion and the water mole cules in agreement with the literature.
As for the average number of first contacts Ce -O (sum of water molecules H20, and oxygen O, from Perchlorate groups), it is between 9 and 10. The num ber of CIO4 ions bonded to Ce(III) resulted to be about 2.
The agreement between our model and the experi mental data is not a proof that this model is apposite; in fact the selected orientation, reported in Scheme 1, for the Perchlorate group with respect the Ce(III) is one of the many possible ones. Obviously we can built up other models with slightly different orientations, and these give us good agreements with the experi mental data.
The detailed analysis of the partial contributions of our model to the total structure function, shown in Figs. 5a-l, and the respective contributions to the radial distribution function in the differential form, reported in Figs. 6 a-l, point out the reliability of the different parameters used in our model.
The use of two different complementary techniques was useful in obtaining more information on the behaviour of Perchlorate in different cation solutions.
